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further optimize CD2.7E15.521 expression. The expression growth curve shows that the cell
culture reached an OD of ~1.5 when it was expressed at 37 °C (8 h expression) and it reached an
OD of ~ 2.0 when it was expressed at 30 °C (16 h expression) (Figure 56A). The SDS gels
(Figure 56B) show that a thicker expression band is observed when the protein is expressed at 30
°C overnight compared to that observed when the protein was expressed at 37 °C. Therefore,
lower temperatures, such as 30 °C increased the expression level. Tuner(DE3)pLacl is IPTG
dependent and for that reason the IPTG concentration used for induction was also optimized.

The best results were obtained when protein expression was induced with 500 L IPTG per liter.
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Figure 56. (A) CD2.7E15.52.Insertion growth curve at two different temperatures 37 °C (blue)
30 °C (red). (Vector: pET20b, LB media, tuner(DE3)pLacl). (B) CD2.7E15.52.Insertion
expression in E. coli at 37 °C (left) and 30 °C overnight (right).
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6.3.2 CD2.7E15.521I purification

This protein was purified using an 8 M urea refolding method followed by ion exchange
chromatography. The purification SDS gels clearly show the refolding process step by step when
the protein was expressed at 30 °C overnight (left) and at 37 °C (right) (Figure 57). The first two
lines in both gels show the pellet (P) and the supernatant (Sup) after the cells were broken using
French Press. It can be observed from the gel (Figure 57) that most of the protein is in the pellet
form. The pellet was washed using a detergent (Titron X-100) in order to remove impurities
present in the pellet, such as cell debris or remains. The following three lanes in each gels show
the pellet and supernatant after the pellet was dissolved in 8 M urea and followed dilution in 4 M
urea. It is evident that the protein was completely solubilized from the pellet to the supernatant
form (Figure 57). This SDS gels also show the supernatant after it was dialyzed in 10 mM Tris-
HCI buffer, pH 7.4. The purification produced better results when the protein was expressed at

30 °C overnight.
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Figure 57. CD2.7E15.52.Insertion purification using urea refolding method. Protein was
expressed at 30 °C overnight (left). Protein was expressed at 37 °C (right).
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Dialyzed sample was further purified using ion exchange chromatography. Protein
concentration was calculated using the extinction coefficient of CD2.WT (11,700 M e¢m™) and
its UV-vis absorbance at 280 nm. The final yield was ~20 mg/L.

6.3.3 CD2.7E15 expression

The same approach used to express CD2.7E15.521 was also implemented to express
CD2.7E15. This protein was successfully expressed as a tag-less protein in E. coli
tuner(DE3)pLacl at 30 °C overnight (Figure 58). The expression level was not as high as that
observed for CD2.7E15.521 but it was enough to obtain pure protein. Another difference was that
this protein expressed unknown proteins besides our targeted protein as a strong dark

background was observed in the expression SDS gel.

Figure 58. CD2.7E15 expression in E. coli at 30 °C overnight (vector: pET20b, LB media,
tuner(DE3)pLacl).

6.3.4 CD2.7E1S5 purification
The same approach used to purify CD2.7E15.521 was also implemented to purify

CD2.7E15. The purification was therefore performed using an 8 M urea refolding method
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(Figure 59).The first two lines show the pellet (P) and the supernatant (Sup) after the cells were
broken using French Press. It can be observed (Figure 59) that most of the protein is the pellet
form. The pellet was washed using a detergent (Titron X-100) in order to remove impurities. The
following three lanes in each gels show the pellet and supernatant after the pellet was dissolved
in 8 M urea and then diluted to 4 M urea. It is clear that the protein was completely solubilized
from the pellet to the supernatant form. This SDS gel also shows the supernatant after it was
dialyzed in 10 mM Tris-HCI buffer, pH 7.4. The purity of this protein was not as high as that
observed for CD2.7E15.521 since a series of bands above that of our targeted protein were
observed in the SDS expression and purification gel. Protein was further purified using ion
exchange chromatography after it was dialyzed in 10 mM Tris-HCI buffer. The additional bands
observed in Figure 59 were completely removed after ion exchange FPLC. Figure 60 illustrates

the FPLC profile and SDS gel confirming the high purity of the purified protein.
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Figure 59. CD2.7E15 purification using urea refolding method.
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Figure 60. CD2.7E15 ion exchange chromatography and SDS gel showing the collected relative
fractions from the FPLC.

Protein concentration was calculated using the extinction coefficient of CD2.WT (11,700

M em™) and its UV-vis absorbance at 280 nm. The final yield was ~10mg/L.

6.4 Summary

The design approach allows the investigation of local charges and the factors that might
contribute to Ca®" binding. Two designed engineered proteins CD2.7E15.521 and CD2.7E15
were successfully expressed in E. coli tuner(DE3)pLacl at 30 °C overnight. Tuner(DE3)pLacl
have shown to form a high number of inclusion bodies during protein expression. This cell strain
contains a mutation in lacY (lac permease) gene allowing over protein expression in the presence
of a high IPTG concentration. Over protein expression therefore facilitates inclusion body
formation and sometimes this is the only way to obtain protein. Protein expressed in inclusion
bodies can be purified using refolding methods. These engineered proteins were actually purified

from inclusion bodies utilizing a refolding strategy followed by ion exchange chromatography.
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The final yields were ~20 mg/L for both engineered proteins but further expression and
purification optimization procedures are still under investigation. These designed proteins have
been used as protein-based MRI agents and they have been also used to perform metal-binding

and affinity analyses.
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7. FINAL CONCLUSIONS AND SIGNIFICANCE OF THIS THESIS

Ca®" is an essential element in living organisms since it regulates a great number of
biological and cellular signaling pathways. Ca*" concentrations in extracellular and intracellular
environments are balanced and stabilized by a select group of Ca**-binding proteins. This vital
group of proteins usually has two or more Ca2+-binding sites that interact with each other upon
Ca” binding. They are able to undergo conformational changes upon Ca*"-binding and these
conformational changes are then translated into metabolic pathways. Additionally, they are able
to sense intracellular and/or extracellular Ca*" concentration changes or imbalances and take
action in order to maintain a proper equilibrium in both environments.

The investigation of Ca**-binding sites is essential in order to understand the biochemical
properties of Ca2+-binding proteins and further, to comprehend and determine the mechanisms
behind this reciprocal Ca**-protein interaction. Three approaches have been developed in Dr.
Yang’s laboratory in order to study Ca*"-binding sites located in Ca*"-binding proteins. The
basic principle of these approaches is the prediction of Ca’’-binding sites using computer
algorithms, which provides a rational basis for grafting and/or designing them into host proteins.
In the grafting approach, individual Ca**-binding sites were inserted into host proteins (e.g. CD2
or EGFP) in order obtain metal-binding affinities and site-specific properties of Ca*"-binding
proteins. In the design approach, site-directed mutagenesis was used to design Ca’"-binding sites
into host proteins. This approach has permitted the investigation of factors that contribute to
local Ca*"-binding and the relationship between net charges located in the coordination sphere of
these sites. In the subdomain approach, Ca*"-binding proteins have been dissected into different

subdomains containing 2-3 Ca**-binding sites. This approach allowed the study of the interaction
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between Ca’'-binding sites, their conformational changes, and cooperative interaction upon Ca>*
binding.

A variety of techniques (e.g. CD, MS, NMR, metal-binding titrations, and X-ray
crystallography) have been applied in order to test the predicted Ca**-binding sites and to
understand important properties and characteristics of Ca®"-binding proteins. The techniques
used in these studies require high protein concentration and purity, and that is why expression
and purification of engineered proteins play essential roles to further conduct those experiments.

The chosen expression host for engineered protein production was E. coli. This is the most
widely used bacterial host for protein expression, but sometimes expression and purification of
engineered proteins can be very challenging because the insertion of foreign sequences into a
host protein might result in stability and conformational changes that affect protein yield and
purity. Other challenges include low expression levels, formation of inclusion bodies due to
improper folding, and proteolytic degradation.

In this thesis, the significance of expression and purification of engineered proteins as initial
steps to further investigation of the properties of Ca”"-binding proteins is discussed with respect
to optimization of expression and purification to obtain high protein yield and purity. Logically,
further experimentation is limited by the availability of proteins of sufficient quality and
quantity.

In previous chapters, I have shown that expression and purification of engineered Ca®'-
binding proteins are highly influenced by a great number of factors, such as expression
temperature, cell strains, vectors, and inducer concentrations. Additionally, there are an extended
number of purification techniques and fusion technologies that can be employed to purify

proteins based on the protein’s physiochemical properties, such as their isoelectric points,
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molecular weights, polarity, and/or affinity to ligands. Thus, purification of engineered proteins
was performed using different techniques depending upon their characteristics.

Proteins engineered using a grafting approach in which an individual Ca**-binding motif
was inserted into CD2.D1 (CD2-WT, CD2.STIM1, CD2.STIM1.Mut, and CD2.RubCa) were
expressed in E. coli BL21(DE3) at 37 °C and further purified by affinity chromatography since
they contained a GST-tag, followed by ion-exchange chromatography. Additionally, another set
of engineered proteins that had EGFP as the host protein (WT-EGFP and EGFP-172-111-172)
were also expressed in E. coli BL21(DE3) but the expression temperature was reduced to 30 °C
in order to increase chromophore formation. These proteins were purified using affinity
chromatography since they contained a 6x-his-tag. The yields for these proteins were between
20-70 mg/L (Chapter 3).

CaM is an intracellular Ca*"-binding protein that was expressed in E. coli BL21(DE3) at 37
°C in LB media and at 30 °C overnight in "N labeled minimal media. A lower temperature was
used for the minimal media because it required a longer incubation time since it contained fewer
nutrients compared to LB media. CaM was purified using a phenyl-sepharose column and
hydrophobic interaction chromatography, since this protein undergoes a conformational change
upon Ca”" binding that exposes hydrophobic patches to the surface. The final yields were 74.8
mg/L and 57.8 mg/L when the proteins were expressed in LB and "N labeled minimal media
respectively. CaM N labeled protein was further utilized to perform NMR studies (Chapter 4).

The CaSR is another important Ca’"-binding protein that has been studied. Five Ca®'-
binding sites in the ECD of this receptor were predicted and two of these sites (3 and 5) were
grafted into CD2.D1. These two sites were also expressed in E. coli BL21(DE3) at 37 °C and

purified using GST-tag affinity and ion exchange chromatography. An additional set of mutants
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were also expressed and purified using the same approaches. The final yields for these proteins
were ~7 mg/L. Metal-binding studies performed by Dr. Huang have determined the metal-
binding affinity of these two Ca*"-binding sites (Chapter 5).

A subdomain approach was also utilized to study the CaSR in which the ECD of this
receptor was dissected into three subdomains containing the predicted Ca*-binding sites. These
proteins presented low expression levels, were highly insoluble, and/or were expressed as
inclusion bodies. We first attempted to optimize the expression and purification of subdomain 1
by utilizing different vectors, E. coli cell strains, and temperatures. Subdomain 1 expression
levels and solubility were highly enhanced when the protein was expressed at 30 °C and when
rosetta(DE3)pLysS was used as the cell strain. These conditions were utilized to express and
purify subdomain 2. Subdomain 3 was expressed in E. coli tuner(DE3)pLysS as inclusion bodies
and they were purified using a refolding technique followed by affinity chromatography. The
final yields were 7-36 mg/L. Additional efforts have been made to express and purify the ECD of
the CaSR. This 73 kDa protein contains ~20 cysteine residues that have highly influenced
protein expression and purification. The best cell strains that expressed this protein were rosetta-
gami(DE3)pLysS and origamiB(DE3)pLysS since these strains contain mutation in thioredoxin
and glutathione reductase genes facilitating disulfide bond formation as well as proper protein
folding. The optimum expression and purification conditions are still under investigation since
the protein presented high levels of degradation and precipitation. Further experiments
performed by Dr. Yun Huang (e.g. CD and trp fluorescence) have shown that a conformational
change is observed when saturating Ca®" concentrations were added to the proteins.
Additionally, metal-binding studies have shown that subdomain 1 exhibited a biphasic binding

mechanism (Chapter 5).
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Another set of engineered proteins (CD2.7E15 and CD2.7E15.521) were created utilizing a
design approach in which Ca®"-binding sites were designed in CD2.D1 using site-directed
mutagenesis. These proteins were expressed as tag-less proteins in E. coli tuner(DE3)pLacl as
inclusion bodies and further purified using a refolding strategy followed by ion exchange
chromatography. Protein expression and purification from inclusion bodies might be an efficient
way to obtain active proteins with high yields and purity. CD2.7E15.521 has been used as a MRI

contrast agent for tumor targeting (Chapter 6).
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